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Gene 1 of the murine coronavirus, MHV-A59, encodes approximately 800 kDa of protein products within two
overlapping open reading frames (ORFs 1a and 1b). The gene is expressed as a polyprotein that is processed
into individual proteins, presumably by virus-encoded proteinases. ORF 1a has been predicted to encode
proteins with similarity to viral and cellular proteinases, such as papain, and to the 3C proteinases of the
picornaviruses (A. E. Gorbalenya, A. P. Donchenko, V. M. Blinov, and E. V. Koonin, FEBS Lett. 243:103–114,
1989; A. E. Gorbalenya, E. V. Koonin, A. P. Donchenko, and V. M. Blinov, Nucleic Acids Res. 17:4847–4861,
1989). We have cloned into a T7 transcription vector a cDNA fragment containing the putative 3C-like
proteinase domain of MHV-A59, along with portions of the flanking hydrophobic domains. The construct was
used to express a polypeptide in a combined in vitro transcription-translation system. Major polypeptides with
molecular masses of 38 and 33 kDa were detected at early times, whereas polypeptides with molecular masses
of 32 and 27 kDa were predominant after 30 to 45 min and appeared to be products of specific proteolysis of
larger precursors. Mutations at the putative catalytic histidine and cysteine residues abolished the processing
of the 27-kDa protein. Translation products of the pGpro construct were able to cleave the 27-kDa protein in
trans from polypeptides expressed from the noncleaving histidine or cysteine mutants. The amino-terminal
cleavage of the 27-kDa protein occurred at a glutamine-serine dipeptide as previously predicted. This study
provides experimental confirmation that the coronaviruses express an active proteinase within the 3C-like
proteinase domain of gene 1 ORF 1a and that this proteinase utilizes at least one canonical QS dipeptide as
a cleavage site in vitro.

The coronavirus mouse hepatitis virus strain A59 (MHV-
A59) contains a single-stranded, positive-sense RNA genome
32 kb in length that is composed of seven distinct genes sepa-
rated by translation termination codons and noncoding inter-
genic regions (20, 22). Replication of the MHV genome in the
infected cell is likely initiated by translation of the 59-most
gene 1 into proteins necessary for replication of the coronavi-
rus genome (5), as well as for transcription of six subgenomic
mRNAs that are in turn translated into one or more structural
or nonstructural proteins (3, 18, 19, 23, 24). At approximately
22 kb in length, gene 1 of MHV-A59 is by far the largest
nonstructural gene among known RNA viruses. Sequence
analysis of MHV and avian coronavirus infectious bronchitis
virus (IBV) has been used to determine that gene 1 is trans-
lated into a single large polyprotein with a molecular mass of
approximately 800 kDa via a ribosomal frameshift between
two overlapping open reading frames, ORFs 1a and 1b (6–8,
20). Comparison of the gene 1 sequence of MHV with that of
other positive-strand RNA viruses has revealed that this gene
may encode several important functions, including two papain-
like proteinases, a proteinase with similarities to the 3C pro-
teinase of the picornaviruses, helicase, polymerase, and nucle-
oside triphosphate binding activities (15, 20). The first papain-
like proteinase is responsible for the cleavage of the amino-
terminal p28 protein from the gene 1 polyprotein during in
vitro translation of genome RNA or synthetic gene 1 tran-
scripts (2).
The putative coronavirus 3C-like proteinase (3CLpro) has

not been identified or characterized, either in vitro or in virus-
infected cells. The existence of 3CLpro is predicated upon
sequence comparison of the MHV gene 1 sequence with that
of known proteinases of other positive-strand RNA virus fam-
ilies such as the picornaviruses, potyviruses, and comoviruses,
as well as with that of cellular serine proteinases (11, 20).
These comparisons have revealed that the MHV 3C-like pro-
teinase domain is contained within a 300-residue region
demarcated on either side by glutamine-serine (QS) dipep-
tides with similarity to the known cleavage sites utilized
by picornavirus 3C proteinases (Fig. 1). In addition, the pre-
dicted 3CLpro coding region is flanked by large (200- to 300-
residue) predominantly hydrophobic regions predicted to
be membrane-spanning domains (MP1 and MP2), which in
turn are bounded by basic dipeptides similar to those border-
ing the predicted 3CLpro itself (20). There is conservation of
histidine and cysteine residues in the MHV 3CLpro at posi-
tions which correspond to catalytic residues of other confirmed
cellular serine and viral serine-like proteinases. In contrast, the
overall amino acid sequence of the 3CLpro has no significant
similarity to that of known proteinases of other RNA viruses
(11).
In this study, we have cloned the predicted MHV-A59 3C-

like proteinase domain, along with portions of the neighboring
hydrophobic domains, into a transcription vector under the
control of a T7 promoter. Translation of the resulting construct
(pGpro) in rabbit reticulocyte lysates resulted in polypeptides
which possess proteolytic activity. Site-directed mutagenesis of
the putative catalytic histidine and cysteine residues eliminated
proteolytic activity, but the noncleaved mutant polypeptides
could still be processed in trans by the protein expressed from
the parental pGpro construct. The proteinase encoded in this
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region utilizes at least one QS dipeptide as a cleavage site,
which is consistent with previous predictions.

MATERIALS AND METHODS
Construction of pGpro and opt-pGpro plasmids. The ORF 1a fragment from

KpnI (nucleotide [nt] 9925) to BamHI (nt 10638) was derived from plasmid 917,
which had been provided by Susan Weiss (Fig. 1) (22). The BamHI-to-HindIII
fragment of ORF 1a (nt 10638 to 11273) was excised from a cDNA obtained by
reverse transcription-PCR amplification of the region between nt 9926 and
11479. Reverse transcription was performed with random hexamer oligonucle-
otides and MHV-A59 virion RNA which was purified as previously described
(10). PCR was performed with specific primers based on the MHV-A59 se-
quence (4). The two fragments were ligated into pGEM-3Zf(2) (Promega)
behind the T7 promoter to obtain the intact KpnI-to-HindIII fragment which
constituted pGpro. This construct encoded an estimated 9.7-kDa fragment of
MP1, the entire 33.6-kDa 3CLpro, and a 5.8-kDa fragment of MP2 (see also Fig.
6B). The pGpro plasmid was used to transform Escherichia coli JM109 in the
presence of 50 mg of carbenicillin per ml. Purified plasmid was bidirectionally
sequenced across the KpnI-to-HindIII region, and the sequence was compared
with that of ORF 1a of MHV-A59 (4). An optimal ATG-containing sequence
also was introduced between EcoRI and KpnI on the vector by subcloning
double-stranded oligonucleotide TGCCGCCATG, yielding the opt-pGpro con-
struct.
PCR site-directed mutagenesis of pGpro. Synthetic oligonucleotides contain-

ing mismatches were used to perform PCR site-directed mutagenesis of the
His-41, His-127, Cys-142, and Cys-145 residues, according to the method of
Higuchi et al. (16). The numbering of residues was based on the predicted
amino-terminal QS cleavage site at residue 1 (amino acid 3335 from the amino
terminus of the ORF 1a polyprotein) (4). In brief, oligonucleotide His-413Gln
right (59-GATAACTTGTCTTGGGCAAT-39), containing a mismatch at nucle-
otide position 10334, and a T7 promoter primer were used to prime DNA
synthesis from the pGpro construct. Similarly, oligonucleotide His-413 Gln left
(59-ATTGCCCAAGACAAGTTATC-39), containing a mismatch at nucleotide
position 10334, and an SP6 promoter primer were used to prime DNA synthesis
from the pGpro construct. The products of the two reactions were run on a 0.8%

low-melting-point agarose gel to purify the PCR products. The resulting bands
were excised and isolated from the agarose, and the purified PCR products were
combined, denatured, reannealed, and allowed to amplify one cycle. The SP6
and T7 promoter primers were then added and PCR amplification was per-
formed, resulting in a 1.4-kb band containing the entire KpnI-to-HindIII frag-
ment with a T-to-A change at nt 10334, which in turn encoded an amino acid
substitution from His-41 to Gln. The amplified DNA was digested with KpnI and
HindIII and ligated into the KpnI and HindIII sites of pGEM-3Zf(2). Mutagen-
esis of other residues at His-41 and His-127 was performed in a similar manner
as described above. Since there is a BamHI site between Cys-142 and Cys-145,
substitution of Arg for Cys-145 was performed by PCR site-directed mutagenesis
with oligonucleotide Cys-145 left (59-GTGGATCCCGCGGTTCTGTA-39) and
an SP6 promoter primer. The resultant fragment was digested with BamHI and
HindIII and ligated into the pGpro plasmid from which the BamHI-to-HindIII
piece had been excised. Mutagenesis of Ile at Cys-142 was performed by priming
with oligonucleotide Cys-142 right (59-GCAGGATCCAATTAGAAAGG-39)
and a T7 promoter primer. The resultant product was digested with KpnI and
BamHI and cloned into the pGpro plasmid from which the KpnI-to-BamHI piece
had been excised. Mutagenesis of other residues at Cys-142 and Cys-145 was
similarly performed. All specific mutations were confirmed by bidirectional se-
quencing (Sequenase II; U.S. Biochemicals) according to the manufacturer’s
instructions).
In vitro transcription and translation. Recombinant plasmids were tran-

scribed by using T7 RNA polymerase in a coupled in vitro transcription-trans-
lation reticulocyte lysate system (TnT; Promega), according to the manufactur-
er’s instructions. Approximately 0.5 mg of plasmid DNA was incubated at 308C
with 12.5 ml of TnT lysate, 1 ml of TnT reaction buffer, 0.5 ml of T7 RNA
polymerase, 20 U of RNasin, 0.5 ml of 1 mM methionine-free amino acid
mixture, and 20 mCi of [35S]methionine in a final volume of 25 ml. Samples were
taken at various time points and mixed with an equal volume of 23 sodium
dodecyl sulfate (SDS) loading buffer (17) and electrophoresed on an SDS-
polyacrylamide (5 to 18% gradient) gel. During pulse-chase experiments, tran-
scription and translation were terminated by the addition of cycloheximide (5
mg/ml), RNase (10 mg/ml), and excess cold methionine at the times indicated for
the individual experiments.
In trans proteinase cleavage assay. Site-directed mutants of pGpro were ex-

pressed in the presence of [35S]Met. The parental pGpro construct was similarly
expressed, but in the presence of unlabeled L-Met only, for 40 min; this was
followed by termination of transcription and translation by adding RNase (10
mg/ml) and cycloheximide (5 mg/ml) for 5 min. Following termination of tran-
scription and translation, labeled mutant and unlabeled pGpro translation reac-
tion lysates were mixed 1:1 and incubated for an additional 135 min. Reaction
products were electrophoresed on SDS-polyacrylamide (5 to 18% gradient) gels,
and the gels were treated with dimethyl sulfoxide-PPO (2,5-diphenyloxazole) and
visualized by fluorography. The reaction mixtures were checked for expression
and processing from the pGpro construct by the addition of [35S]Met to an
aliquot of the unlabeled reaction mixture after treatment with RNase and cyclo-
heximide and incubation for an additional 135 min.
Peptide radiosequencing. In vitro transcription and translation were per-

formed in a total volume of 200 ml with 8.0 mg of pGpro DNA in the presence
of 160 mCi of [35S]methionine (Dupont, NEN) or 400 mCi of [3H]valine (Am-
ersham) for 120 min at 308C. The products were mixed with Laemmli sample
buffer and separated on an SDS-polyacrylamide (5 to 18% gradient) gel for 16 h
at 60 V. After electrophoresis, the products were transferred to a polyvinylidene
difluoride membrane at 50 V at 48C for 6 h in transfer buffer containing 25 mM
Tris-base, 192 mM glycine, and 10% (vol/vol) methanol. After transfer, the
polyvinylidene difluoride membrane was air dried and exposed to X-ray film.
Radiolabeled proteins were identified by autoradiography, and the correspond-
ing bands were excised from the polyvinylidene difluoride membrane and sub-
jected to amino-terminal sequencing on an Advanced Biotechnologies microse-
quencer. The amino acid fraction from each cycle was quantitated in a Beckman
scintillation counter.

RESULTS

Protein expression and processing during in vitro transla-
tion of pGpro. The purified pGpro plasmid was in vitro tran-
scribed and translated in the TnT reticulocyte lysate system
(Promega) in the presence of [35S]methionine, and the samples
were analyzed by gradient SDS-polyacrylamide gel electro-
phoresis (PAGE) at time points between 15 and 300 min (Fig.
2A). Two proteins with molecular masses of 38 and 33 kDa
were detected within 15 min after the addition of DNA. By
45 min, the 38- and 33-kDa bands became less prominent and
new proteins with estimated molecular masses of 32 and 27
kDa were detectable. Within 180 min, the 38- and 33-kDa
proteins were barely detectable, while the 32- and 27-kDa
species continued to accumulate for up to 150 min and were

FIG. 1. Location, structure, and cloning of the 3C-like proteinase domain of
MHV-A59. (A) Organization and predicted functional domains of gene 1. The
gene is 21,739 nt in length, comprising two overlapping open reading frames
(ORFs 1a and 1b). ORF 1a contains two papain-like proteinase domains and one
3C-like proteinase domain. GFL, murine epidermal growth factor-like domain;
Pol, RNA-dependent RNA polymerase domain; Hel, helicase. (B) 3C-like pro-
teinase with flanking hydrophobic membrane-spanning domains (MP1 and
MP2). Dipeptides (KR and QS) indicate predicted cleavage sites for putative
3CLpro. The numbers below the dipeptides and restriction sites indicate nucle-
otides on gene 1 from the 59 end. The residues above the line indicate the
positions of amino acids numbered from the first QS site. p, amino acids pre-
dicted to be involved in catalytic activity. (C) Cloning of the 3CLpro domain.
KpnI-HindIII fragment of MP1–3CLpro–MP2 was cloned into pGEM-3Zf(2) to
generate the pGpro construct.
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stably detectable for up to 5 h. This pattern of expression was
reproduced with several independently cloned KpnI-HindIII
fragments in pGEM-3Zf(2), using the TnT system. Three
polypeptides with masses of less than 14.3 kDa also were de-
tected during this prolonged pulse-label experiment, beginning
at 15 min. Cleavage at the first QS dipeptide in the pGpro
construct predicts a 9.7-kDa amino-terminal product, which
may be consistent with the size of one of these polypeptides.
However, the times of appearance and diminution of these
products did not directly correlate with those of p27, and thus
they may instead have been premature termination products
which were subsequently degraded.
The result of the pulse-label experiment indicated that the

32- and 27-kDa proteins might be proteolytically cleaved from
the 38- or 33-kDa precursors. In order to further examine the
precursor-product relationship, pulse-chase assays were per-
formed (Fig. 2B). Since we were interested in the fate of the
38- and 33-kDa proteins, a 45-min labeling period was chosen
in order to maximize incorporation into larger proteins, which
then could be monitored during the prolonged chase of up to
180 min. The pattern of expression and processing in the pulse-
chase assay was nearly identical to that in the pulse-label ex-
periment; specifically, a decrease in 38- and 33-kDa species
was noted with stable accumulation of 32- and 27-kDa pro-
teins, supporting the conclusion that the 32- and 27-kDa pro-
teins were processed polypeptides. A repeat pulse-label trans-
lation performed in parallel with the pulse-chase reaction (Fig.
2B) gave a clear pulse-chase pattern of processing, indicating
that de novo translation of the 38- and 33-kDa proteins prob-

ably ceased within 120 min. The results of this experiment were
completely consistent with those of the initial pulse-label trans-
lation but more clearly demonstrated the disappearance of the
38- and 33-kDa proteins and stable accumulation of the 32-
and 27-kDa proteins.
It was interesting that no protein of the predicted full length

of the clone (48 kDa) was detected, suggesting either that rapid
processing of proteins was occurring or that premature termi-
nation of transcription or translation was the rule with this
plasmid. In order to eliminate the possibility that a stop codon
might be introduced by reverse transcription-PCR, the se-
quence of pGpro was examined, revealing a 3-nt insertion at
nucleotide positions 11073 to 11074 compared with the pub-
lished sequence (4), resulting in an additional in-frame leucine
residue (data not shown). No change was found which would
cause termination of translation of pGpro.
Although the first AUG of pGpro was in a relatively good

translation initiation context (GAGGAAATGG), we wanted
to investigate the possibility of alternate translation initiation
sites. We therefore inserted an optimal AUG immediately
before the KpnI site (TGCCGCCATG-G), in order to deter-
mine if this change would direct translation of a full-length
polypeptide with a molecular mass of 48 kDa. In vitro expres-
sion and processing of this opt-pGpro was performed, with
samples collected at 45- and 90-min pulse points (Fig. 2C). The
33-, 32-, and 27-kDa proteins were detected as with pGpro;
however, a 39-kDa protein band was detected instead of the
38-kDa protein seen with pGpro. This size difference was at-
tributable to the distance between the inserted optimal AUG
and the natural first AUG of pGpro, strongly suggesting that
translation of the 38-kDa protein from pGpro was initiating at
the first methionine in the construct and further suggesting
that the 38-kDa protein either terminated prior to the second
QS dipeptide or was cleaved upstream from the second QS
site. Because there was no difference in the putative proteolytic
cleavage products between opt-pGpro and pGpro and since
pGpro appeared to initiate translation at the 59 end of the
construct, we chose to use pGpro as the basis for subsequent
experiments. In addition, since the 27-kDa protein was the
putative cleavage product which was the most reproducibly
detectable and most easily distinguishable from other proteins
for all the constructs tested, we chose to use it as a marker of
proteolytic activity in all subsequent experiments.
Mutations at putative catalytic amino acid residues abolish

protein processing. Site-directed mutants of pGpro were con-
structed and utilized to determine if protein processing was
dependent on proteinase activity encoded in pGpro and, if so,
to identify residues essential for catalytic activity of the pro-
teinase. Residues were selected for PCR site-directed mu-
tagenesis on the basis of the predictions of Lee et al. (20) and
Gorbalenya et al. (14, 15). His-41 and His-127 were chosen for
mutagenesis since His-41 was a predicted catalytic residue and
His-127 was the closest His residue to His-41. Cys-142 and
Cys-145 were chosen because Cys-145 was a predicted catalytic
residue and Cys-142 was close to Cys-145 and was located in an
identical tripeptide motif (C-142GSC-145GS) in both the A59
and JHM sequences. All residue numbers are based on label-
ing Ser-3335 from the amino terminus of the gene 1 polypro-
tein as residue 1.
In vitro transcription-translation of pGpro resulted in p27

cleavage by 45 min (Fig. 3). The pGpro mutants pGproQ41
(H-413Q), pGproG41 (H-413G), pGproC41 (H-413C), and
pGproR145 (C-1453R) failed to cleave p27, demonstrating
that mutations at putative catalytic sites His-41 and Cys-145
abolished the proteinase activity. In contrast, the pGproM127
(H-1273M), pGproR142 (C-1423R), and pGproI142 (C-1423I)

FIG. 2. Pulse-label and pulse-chase analyses of protein processing by pGpro
and opt-pGpro constructs. In vitro transcription-translation of pGpro and opt-
pGpro were carried out in the presence of [35S]methionine. All samples were
electrophoresed on an SDS-polyacrylamide (5 to 18% gradient) gel. Molecular
mass markers are indicated on the left, and the estimated masses (in kilodaltons)
of translation products are shown on the right. (A) Pulse-label translation of
pGpro. Samples were taken from the reaction mixture at the time points indi-
cated above the lanes. (B) Pulse-label translation and pulse-chase translation of
pGpro. Samples were obtained at the times indicated. During the pulse-chase,
transcription and translation were terminated at 45 min by the addition of
cycloheximide, RNase, and cold methionine as described in Materials and Meth-
ods. Samples were taken from the reaction mixture at the times indicated above
the lanes. (C) Pulse-label translation of pGpro and opt-pGpro. Samples were
taken at 45 and 90 min.
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constructs resulted in a pattern of cleavage identical to that of
the pGpro construct. The failure of protein processing by the
mutant constructs indicated that the proteolytic activity was
encoded by pGpro rather than derived from the proteinase
within the reticulocyte lysate. It also demonstrated that His-41
and Cys-145 were essential residues for proteinase activity.
Finally, these results confirmed that the pGpro construct also
encoded at least one substrate cleavage site in the expressed
polypeptide. We, therefore, next sought to determine whether
the proteinase expressed from pGpro was active in trans.
Cleavage activity in trans by the pGpro-encoded protein.

In order to examine the trans cleavage activity, the mutants
pGproQ41 and pGproR145 were translated in the presence of
[35S]Met, and the parental pGpro construct was concurrently
translated in the presence of unlabeled methionine. Following
termination of pGpro translation as described in Materials and
Methods, the labeled mutant polypeptides were mixed with the
unlabeled translation products of pGpro and incubated for an
additional 135 min (Fig. 4). As anticipated, p27 was efficiently
cleaved during translation of labeled pGpro. In contrast, when
the mutant constructs pGproQ41 and pGproR145 alone were
translated in the presence of [35S]Met, after which followed
termination of the reaction and additional incubation, no
cleavage products were seen. The addition of unlabeled pGpro
translation products to reaction mixtures containing either of
these mutant polypeptides resulted in cleavage of p27. During
this experiment, trans cleavage activity was relatively inefficient
on the His-413Gln mutant compared with that on pGpro, but
on the Cys-1453Arg mutant it was very efficient, with amounts
of p27 comparable to those seen during translation of pGpro

alone. When the pGpro construct was translated with unla-
beled methionine for 40 min, treated with RNase and cyclo-
heximide for 5 min, and then incubated in the presence of
[35S]Met for another 135 min, no [35S]Met incorporation oc-
curred and no protein bands were detected. Thus, the possi-
bility that the p27 detected during the trans cleavage assay was
the product of de novo translation and processing of pGpro
after mixing was eliminated. This experiment demonstrated
that the pGpro-encoded proteinase could act in trans to cleave
the mutant polypeptide and that the trans activity was efficient
in the cleavage of p27. Although changes in the amino acid
sequence introduced during mutagenesis may have affected the
conformation and thus the trans cleavage efficiency, it was clear
that the pGpro-encoded proteinase could cleave in trans and it
was confirmed that the expressed polypeptide is a substrate for
the proteinase.
Identification of proteinase cleavage site within the pGpro-

expressed polypeptide. Because p27 was a discreet proteolytic
product of the proteinase encoded by pGpro, we sought to
determine its amino terminus. The protein was expressed and
transferred, and the amino-terminal 15 amino acid residues
were determined by radiosequencing with [3H]valine and
[35S]methionine as described in Materials and Methods (Fig.
5). The pattern of peaks indicated that cleavage occurred be-
tween the Gln-3334 and Ser-3335 residues as numbered from
the amino terminus of the ORF 1a polyprotein. There are at
least three other locations within the pGpro coding region
which could have an identical pattern of methionine residues,
but none with a similar pattern of valine residues; the combi-
nation of the two is seen nowhere else within the pGpro-
encoded protein. Based on the nucleotide sequence of gene 1,
the 25-to-15 sequence surrounding this cleavage site is TSF
LQSGIVK, confirming the prediction of Lee et al. (20).

DISCUSSION

Our study demonstrates that the region of MHV-A59 gene
1 between nt 9925 and 11273 from the 59 end encodes a
proteinase which is active in vitro. In addition, the polypeptide
encoded by this region contains at least one cleavage site for
the proteinase, and the proteinase is able to cleave at this
glutamine-serine dipeptide in trans. We also have confirmed
that previously predicted histidine and cysteine residues are
essential for proteolytic activity of the proteinase.

FIG. 3. Pulse-label translation of pGpro mutants. In vitro transcription-
translation of the pGpro construct and pGpro mutants were carried out in the
presence of [35S]methionine as described in Materials and Methods. Samples
were taken at the times (in minutes) indicated above the lanes and analyzed by
SDS-PAGE (5 to 18%) gradient and fluorography. H-413Q indicates that the
histidine residue at position 41 was mutated to glutamine. Other mutants are
similarly labeled. Molecular mass markers (in kilodaltons) are indicated on the
right. The location of p27 is indicated on the left.

FIG. 4. In trans proteolytic activity of the pGpro-encoded polypeptide. In
vitro transcription-translation of pGpro and mutants was carried out as described
in Materials and Methods. All mutant constructs were translated in the presence
of [35S]methionine for 40 min; this was followed by termination of reactions with
cycloheximide and RNase. The radiolabeled mutant polypeptides were then
mixed with unlabeled pGpro polypeptide for an additional 135 min, when final
samples were obtained (180 min). pGpro1RNase, unlabeled translation for 40
min, termination with RNase and cycloheximide for 5 min, and addition of
[35S]Met for 135 min (samples were taken at the times [in minutes] indicated).
pGpro-RNase, translation of pGpro in the presence of [35S]Met for 180 min
(samples were taken at the times [in minutes] indicated). Samples were analyzed
by SDS-PAGE (5 to 18%) gradient and fluorography. The position of p27 is
indicated on the right, and molecular mass markers (M; in kilodaltons) are
indicated on the left.

FIG. 5. Radiosequencing of p27 amino terminus. Peptide radiosequencing
was performed as described in Materials and Methods, either with [3H]valine- or
[35S]methionine-labeled protein. The amino acid fraction from each cycle was
quantitated in a Beckman scintillation counter. Total sample counts per minute
of either radioisotope are along the y axis, and the residue number and deter-
mined sequence are along the x axis.
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Translation and processing of the pGpro polypeptide. We
can draw several conclusions from the data in this study con-
cerning the translation, processing, and activity of the MHV-
A59 3CLpro. It appears that translation of pGpro initiated at
the first natural AUG, yielding a protein with a molecular mass
of 38 kDa. On the basis of its size, this polypeptide would be
predicted to terminate approximately 40 amino acids upstream
from the predicted carboxy-terminal QS dipeptide cleavage
site at residues 3637 to 3638 (Fig. 6B). We have identified the
amino-terminal sequence of p27, which is cleaved at the pre-
viously predicted glutamine-serine dipeptide at amino acids
3334 to 3335. On the basis of its size, this protein also would be
predicted to terminate 30 to 50 residues upstream from the QS
dipeptide at residues 3637 to 3638. Finally, the amino-terminal
serine of p27 is approximately 10 kDa downstream from the
initial methionine in the pGpro construct. Together these re-
sults suggest that p38 is the precursor from which p27 is
cleaved; this conclusion also would be consistent with the ob-
servation during pulse-chase experiments of transient products
with molecular masses of less than 14.3 kDa.
While it is not yet possible to definitively conclude that p27

is 3CLpro, it is clear that the active proteinase is translated and
is present within the maximum-size product, whose molecular
mass is 38 kDa. Several other proteins, notably the 33-kDa
early and 32-kDa late products, which are more consistent with
the predicted size of the mature proteinase, are seen. However,
we cannot account for these proteins on the basis of cleavage
from p38, nor have we been able to sequence the amino ter-
mini, because of the heterogeneous nature of these proteins
during prolonged translation reactions. It is interesting that
p27 would contain the conserved essential His-41 and Cys-145

residues, as well as the predicted YXH substrate binding site
(Fig. 6). In addition, secondary-structure algorithms predict a
series of 12 to 13 beta sheets with amino- and carboxy-terminal
helices within the p27 coding region, similar to the secondary
structure of other viral serine-like proteinases. Finally, there
are two potential alternate cleavage sites in the predicted re-
gion of p27 termination, specifically, QV at residues 3595 to
3596 and QS at residues 3555 to 3556, predicting proteins with
molecular masses of 28 and 25 kDa, respectively. We are cur-
rently determining the carboxy terminus of p27 and working to
identify the exact coding sequence of 3CLpro.
The role of the flanking hydrophobic domains, MP1 and

MP2, is not yet clear. Because they are of equivalent size
(approximately 300 amino acids), are demarcated by predicted
3CLpro cleavage sites, and directly flank the predicted pro-
teinase, they have been predicted to play a role in membrane
anchoring and presentation of the proteinase (20). The pGpro
clone eliminated most of the amino and carboxy hydrophobic
domains, and p38 would not be expected to contain any of the
downstream domain. Thus, the full-length MP1 and MP2 do-
mains are clearly not required for activity in vitro. Since we are
investigating only one cleavage site in this study and the activity
is not occurring in the context of the entire polyprotein, it is
still possible that the hydrophobic domains may be involved in
maturation of the polyprotein or in other proteinase-substrate
interactions in the virus-infected cell.
We have shown that both His-41 and Cys-145 of MHV-A59

are essential for catalytic activity of the proteinase domain.
His-41 is the only His in the N-terminal 127 residues of the
proteinase counting from the predicted amino-terminal serine
and is conserved between the IBV and MHV sequences. Cys-
145 also is conserved in IBV (Cys-143) and MHV, although
MHV has a duplication of the Cys-containing tripeptide (C-
142GSC-145GS) whereas this is present only once in IBV
(AGAC-143GS). The substitution mutations, His-413Gln,
His-1273Met, Cys-1453Arg, and Cys-1423Ile were carefully
chosen to preserve the consensus secondary structure sur-
rounding the mutagenized residues, so that the effect examined
would be mainly based on amino acid changes rather than
potential structural alteration (9, 12). Other residues also were
substituted for His-41, His-127, Cys-145, and Cys-142 to di-
rectly compare identical substitutions at different potential cat-
alytic sites. Mutagenesis of His-127 did not alter cleavage ac-
tivity, supporting the role of His-41 as a catalytic residue. The
specificity of Cys-145 as an essential residue in catalytic activity
was confirmed by the fact that the Cys-142 mutation did not
affect cleavage activity despite its close proximity to the cata-
lytic residue.
Comparison of MHV-A59 3CLpro with cellular and viral

proteinases. The coronavirus 3C-like proteinases have previ-
ously been predicted to belong to the serine-like superfamily of
proteinases (14, 15). They are similar to cellular chymotrypsin
structurally but utilize a cysteine instead of a serine as the
active nucleophile residue. Like chymotrypsin, viral serine-like
proteinases, including the MHV-A59 3CL proteinase, have
been predicted to consist of a bilobular polypeptide, with each
domain consisting of a unique beta-barrel structure. The cat-
alytic triad residues His, Cys, and Asp(Glu) in most cases are
located in the interface region between the two lobes. The Cys
is substituted for the catalytic serine of chymotrypsin, but the
protein is predicted to have a structure and mode of action
similar to those of the cellular serine proteinase (Fig. 6). The
3CLpro of both IBV and MHV-JHM have been predicted to
have conserved His and Cys residues within the catalytic do-
main, and we have confirmed the essential nature of these
residues; however, there is no strong prediction of a well-

FIG. 6. Comparison of coronavirus 3C-like proteinases with chymotrypsin
and serine-like proteinases of plus-strand RNA viruses. (A) Schematic drawing
of known or predicted catalytic and substrate binding domains of several serine
or serine-like proteinases. The names of the proteinases are shown on the left.
The catalytic and substrate binding residues in chymotrypsin, human rhinovirus
14 (HRV14), and hepatitis A virus (HAV) have been experimentally confirmed
by crystallography. In MHV-A59 3CLpro, only the *His-41 and *Cys-145 have
been experimentally confirmed as essential residues. D-65(E-64) and E-110(D-
108) are relatively conserved Asp or Glu residues of MHV-A59 and IBV which
could serve as third members of the catalytic subunit of the 3CLpro, but they
have not been investigated. The putative binding domain YXH has not been
confirmed for any coronavirus. (B) Schematic of pGpro showing coding region,
initiating methionine (M), location of confirmed LQS cleavage site (LQS-3335),
possible alternative cleavage sites (VQS and EQV), and predicted carboxy ter-
minus of 3CLpro (LQS-3637). Residue numbers numbered from the amino
terminus of the gene 1 polyprotein are shown below the line. Also shown are the
probable relationships between p38 and p27.
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conserved Asp(Glu), though it has been predicted that Asp-65
of MHV might act as a third member of the triad (13).
The lack of a predicted conserved Asp(Glu) in a position

analogous to that of Asp-102 of chymotrypsin is interesting for
several reasons. The crystal structures of hepatitis A virus 3C
proteinase (HAV 3Cpro) and human rhinovirus 3C proteinase
(HRV 3Cpro) have recently been determined. The crystal
structure of the HAV 3Cpro, as defined by Allaire et al. (1),
revealed the predicted bilobular structure and interdomain
cleft. Their results indicate that the amino and carboxy termini
of the HAV 3Cpro are distant from the active site, making it
improbable that the 3Cpro is released from the polyprotein by
cis autoproteolysis. The overall structure suggests that an in-
termolecular (trans) cleavage releases the proteinase. This is
intriguing in light of our data demonstrating that p27 is cleaved
efficiently in trans by the MHV 3CLpro and suggests that a
similar mechanism may be in operation.
The structure of the HAV 3Cpro also strongly indicates that

Asp-84 does not interact with His-44 as predicted. The struc-
ture analysis suggests that the catalytic apparatus of HAV
3Cpro involves only a dyad, with Cys-172 as the nucleophile
and His-44 as the general base. In contrast, the crystal struc-
ture of the HRV 3Cpro, as determined by Matthews et al.,
indicates that residues His-40, Glu-71, and Cys-146 form a
linked cluster of three amino acids which have a geometry
similar to that of the Ser-His-Asp catalytic triad found in cel-
lular serine proteinases (21). Thus, the formation of a catalytic
triad may not be a universal feature of viral serine-like pro-
teinases, and the lack of a well-conserved and predictive Asp-
(Glu) in the coronaviruses may indicate that they do not re-
quire this residue for catalytic activity. It is possible, however,
that they utilize a residue other than Asp(Glu) or that they
utilize an Asp(Glu) in a different orientation relative to the His
and Cys residues. Comparison of the MHV-A59 and IBV
sequences reveals a conserved Asp-53 in both MHV and IBV,
but it is in rather close proximity to His-41. More interesting
are the Asp-65 and Glu-110 of MHV, which are inverted in
IBV to Glu-64 and Asp-108, respectively (Fig. 6). The IBV
Glu-64 has previously been aligned with the catalytic Asp-85 of
poliovirus (15), and the MHV Asp-65 has recently been pre-
dicted to be a member of a catalytic triad (13). We are cur-
rently investigating whether any of these residues play a role in
the catalytic activity of 3CLpro.
This study confirms the existence of a serine-like proteinase

in MHV-A59 ORF 1a and demonstrates that predicted His-41
and Cys-145 residues are essential for its activity. During in
vitro translation, neither of the complete flanking hydrophobic
regions (MP1 or MP2) is required for proteolytic activity. In
addition, this proteinase is able to cleave efficiently in trans at
a glutamine-serine dipeptide. All of these observations, in ad-
dition to the fact that this proteinase is located in the midst of
the largest known viral polyprotein, suggest that the study of
the MHV 3C-like proteinase will add significantly to an un-
derstanding of both coronavirus replication and the functions
of viral proteinases in general.
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